PACS. 07.79.Lh -Atomic force microscopes. PACS. 68.37.Ps -Atomic force microscopy (AFM). PACS. 87.64.Dz -Scanning tunneling and atomic force microscopy.
Atomic-force microscopes (AFM) are frequently used to map surface properties with a mechanical vibration of a cantilever. Surface properties are investigated close to a surface without surface contact, or with surface contact during a fraction of the oscillation period. The surface properties are analyzed through changes of the oscillation behavior as a function of the tip-surface interaction. Two detection methods are used. One, referred to as slope detection, involves driving the cantilever at a fixed frequency [1] [2] [3] [4] (now commonly called Tapping). The second, referred to as frequency modulation detection (FM-AFM), involves driving the cantilever at a fixed oscillation amplitude [5] . With Tapping, tip-surface interactions are detected as variations in the oscillation amplitude and in the phase, while with FM-AFM force gradients are detected as shifts of the resonance frequency and additional dissipation with the damping signal.
The two modes have emerged at the beginning of the nineties. One of the uses of Tapping was to finely control the tip-surface distance for a near-field optical microscope [4] . Then, Tapping was mostly used with intermittent surface contact to investigate the mechanical properties of soft materials [6] [7] [8] [9] . FM-AFM has been developed because a very high-quality factor Q (10 4 ) of the cantilever resonance can be achieved through reduction of air damping in vacuum (< 10 −6 Torr). High-Q values maximize the sensitivity of the AFM oscillator, however, with slope detection, bandwidth is restricted. The transient response of the system is expressed in terms of a time constant τ = 2Q/ω 0 , which for a resonance frequency of 200 kHz and a quality factor 20000 gives τ ∼ 64 ms. Therefore, after any instantaneous change of the tip-surface interaction, it will take more than the time τ to reach the new steady state of the oscillator. Thus, FM-AFM conception was based on the fact that changes in the force gradients cause instantaneous changes in the oscillator resonance frequency [5] . Albrecht et al. [5] assume the experimental bandwidth, B, of the FM detection to be only given by the characteristics of the FM demodulator and conclude that, because the minimum detectable force gradient varies like B/Q, the FM detection allows the sensitivity to be increased by using a high Q without the cost of a small bandwidth. Typically, the FM demodulator has a bandwidth B of about one kHz, thus provides a suitable dynamic range. The FM detection, however, requires to use an automatic gain control (AGC) circuit which maintains the oscillation amplitude at a constant value. This condition, necessary to perform a meaningful measurement of the resonance frequency shift, is not easy to ensure, because at the proximity of the surface, the vibrating cantilever may exhibit a non-linear dynamical behavior and instabilities may occur. An instability can only be avoided by adequately choosing the AGC proportional and integral gains in turn reducing significantly the bandwidth to keep the oscillation amplitude constant at any tip-surface distance [10] . In practice, the experimental bandwidth is smaller than the one given by the FM demodulator.
Beside these bandwidth considerations, the relationship of AFM sensitivity to Q is of general importance and is the basic aim of this work. In FM detection, the Q value affects the sensitivity of the system through reduction of the minimum detectable force gradient. The resonance frequency shift does not depend on the Q value. However, a high Q value remains very useful for the measurement of the damping signal, the sensitivity of which varies linearly with the Q value [11] . In slope detection a high Q value is more effective by enhancing the influence of the strength of the tip-sample interaction [12] [13] [14] . In ref. [12] it was shown that the Q value directly affects the vibrating cantilever response to strength of the tip-surface interaction. Qualitatively, it can be understood that at a fixed frequency, a sharper resonance peak gives a more sensitive response to changes of the tip-surface interaction when variations of the oscillation amplitude are used as error signal. In the present work, we focus on the enhancement of the tip-surface interaction in the repulsive regime. The aim is to show that even for very soft materials, polymers or biological systems, an increase of the Q value can allow the true topography to be measured. We first recall a theoretical result, then show experimental results obtained on a polymer melt with FM and slope detection methods used in vacuum condition (2 · 10 −7 Torr) with Q = 23000.
Variations of the oscillation properties as a function of the tip-surface distance are measured with approach-retract curves, where D is the distance between the surface and the tip location at rest. Approach-retract curves are obtained with a vertical displacement of the surface at a fixed X, Y location. In Tapping, variations of the oscillation amplitude and of the phase are recorded; in FM-AFM, resonance frequency shifts and variation of the damping signal are recorded. In Tapping, the slope of the variation of the amplitude A with the tip-surface distance D, s(A) = δA/δD, contains information on the nanomechanical properties of the surface [12] :
where β(A) is a complex function of the amplitude A [15] , k s is the surface local stiffness given by the product k s = G φ, with G the restoring elastic modulus and φ the contact diameter (1) Q=23000 s=1
Amplitude (nm) between the tip and the soft surface; k c is the spring constant of the cantilever. In the static mode, the slope of the variation of the cantilever deflection with D involves only the ratio k s . In Tapping, the Q value directly affects the sensitivity of the vibrating cantilever to surface elastic properties through the product Qk s . When (Qk s /k c ) 2/3 β(A), the slope is 1. A slope s(A) = 1 means that variation of amplitude A is equal to variation of the cantilever surface distance D, i.e. the surface appears as being infinitely hard.
To verify the prediction given by eq. (1), the polyisoprene, a polymer melt of elastic modulus G = 2 · 10 6 Nm −2 is investigated. The molecular weight is M w = 205 kDalton, the polydispersity M w /M n = 1.05, with glass temperature transition 200 K, melt temperature 308 K; the experimental temperature is 305 K. At a frequency of 100 kHz, the restoring modulus is G (ω) ∼ 10 7 Nm −2 [16] . A small basin was used to prevent sample flow during the experiment. Our machine is a hybrid one, with which either the FM-AFM or the Tapping mode can be used [10] . The cantilever has a resonance frequency of 180 kHz (at 2 · 10 −7 Torr) and an ultra sharp tip( 1 ). In order to vary the quality factor, the experiments were performed in a vacuum chamber at three different pressures: atmospheric pressure with Q = 530, at 10 mbar with Q = 2740 and in secondary vacuum at 2 · 10 −7 Torr with Q = 23000. Intermediate values of vacuum cannot be achieved without possible damage to the piezoactuator. The resonance frequency shifts of about 450 Hz from atmospheric pressure ν 0 = 179.5 kHz to the vacuum condition ν 0 = 180 kHz.
( 1 )Ultra sharp tips have apex radius of about the nanometer. In general, ultra sharp tips have size much smaller than the tip apex radius of the cantilever usually employed in the Tapping mode, as deduced from approach curves performed on reference samples like graphite or silica surfaces.
Variations of the oscillation amplitude as a function of D for the three Q values are reported in fig. 1 . The experiment is performed at a frequency slightly below the resonance with the phase fixed at ϕ = −45
• when the oscillator does not interact with the surface. The oscillation amplitude is chosen large enough, A f = 96 nm, in order to avoid non-contact situations for Q = 23000. The amplitude shows a characteristic jump allowing an accurate vertical location of the surface to be determined [12] . Since the oscillation amplitude is identical for the three experiments, the magnitude of the jump is a direct evidence of the increase of the strength of the attractive interaction. As expected, when Q increases the amplitude jump increases. The shape of the instability varies; this evolution is the result of a competition between the respective influence of adhesive and repulsive contribution [17] . At the beginning of the curve, the small indentation depth leads to a small value of the contact stiffness and the attractive interaction is dominant. When the indentation depth becomes large enough, the repulsive interaction, and therefore the elastic response of the material, becomes dominant leading to a nearly linear variation of the amplitude. At high Q values, for Q = 23000, the Q-effect leads to a dominant contribution of the repulsive regime over the whole domain of amplitude variation. The slopes of the amplitude variation are 0.5, 0.75 and close to 1 for Q = 530, 2740 and 23000, respectively. Therefore, at a very high Q value, Q = 23000, a sample, as soft as the polyisoprene, appears as hard. This result shows that an image of the structure of a very soft material can be obtained provided the Q value is high enough. The sublinear prediction (Qk s ) 2/3 is verified, the experimental results give a power law dependence close to Q 2/3 for a product β(A)/(k s /k c ) 2/3 = 60. As discussed in ref. [12] , an analytical expression can only be obtained by using the assumption of a linear elastic response of the contact. When the Hertz (right y-axis) . The x-axis is the indentation depth δ, γ0 is the damping coefficient of the AFM oscillator when the tip is far from the surface. With Q = 23000, kc = 40 Nm −1 , γ0 = 1.5 · 10 −9 Nm −1 . The measured damping coefficient γtot follows the linear relationship γtot = γ0 + γint [10, 11] . The oscillation amplitude is A = 25 nm, leading to a supplied energy of 4 · 10 −18 J to keep an oscillating steady state far from the surface. model is used, numerical computation must be performed showing that the local stiffness is slightly underestimated with the linear approximation. A quantitative analysis is more difficult to achieve. The experimental results show that eq. (1) helps to understand changes of the tip indentation depth as a function of the Q value, but remains limited in its use not only due to the linear assumption. In addition, it is a rather complex expression of β(A) [15] .
To show the main difference between the two methods, approach-retract curves were also performed with the FM-AFM method at the highest Q value, Q = 23000. Typical shifts of the resonance curve and of the damping signal were recorded as a function of the indentation depth. Only a small part of the curve corresponds to frequency shifts without surface contact, then repulsive contribution occurs [11, 18] . The tip indentation is readily obtained by the difference A − D, provided the oscillation is kept constant at any indentation depth. In other words, the additional energy needed to maintain a constant amplitude is supplied, which is an easy task at such a high Q value in a soft material. The results displayed in fig. 2 show that with the FM-AFM an indentation of the tip is achieved without any difficulties. As expected from ref. [5] and numerical results given by the virtual FM-AFM machine [10] , there is no Q-dependence on the strength of the tip-surface interaction. Since a large indentation may occur, images on very soft materials can hardly be recorded with the FM-AFM mode, while it becomes quite easy with the AM-AFM mode ( fig. 3 ).
In conclusion, this experimental work shows that the Q-factor value is an experimental parameter of great usefulness in accessing soft material properties with AFM. At "low" Q values, with Tapping, the recorded image may mostly contain mechanical information. When the Q factor increases, contrast of the image contains more information on the surface topography. At very high Q values, more than 10 4 , one may expect to obtain images in which only topography of a very soft sample is revealed.
